Abstract China is one of the countries that have been continuously experiencing negative impacts by typhoons. Typhoons cause severe damage annually, not only to the regional economy, but they are also responsible for frequent human casualties. This research comprehensively assesses the impact of typhoons across China by using the geographical information system based on time series data between 1980 and 2012. Results indicate that typhoons affected 61 % of the total landmass of China during this timeframe with a total affected area of approximately 5.91 million km 2 . In addition, some coastal regions of south-east China experienced nearly 300 typhoon landfalls. The key entities of this study that are used to assess typhoon risk across China include population, gross domestic production, road networks and land use. As a result, the vulnerabilities of each entity in the typhoon-affected region of China were calculated before leading to the regional typhoon risk indexes. Based on the range of typhoon risk indexes, the typhoonaffected areas in China were zoned into four regions with different levels of typhoon risk. This research will facilitate decision-making by policy makers on the mitigation of typhoon risks.
Introduction
A typhoon is a mature tropical cyclone which causes high-speed wind, storm tide and heavy rainfall. Typhoons are considered to be extremely lethal geophysical hazards, which originate over tropical oceans and are driven principally by heat transfer from the ocean (Emanuel 2003) . However, kind of natural hazard extends far beyond the tropical regions due to its movement impact (Jones et al. 2003) . Due to the devastating impact of typhoons, the research on typhoons has long been a hot topic for researchers from various disciplines (Chu et al. 2012; Hashimura and Takikawa 2012; Meng et al. 2002; Xu et al. 2014; Zhang et al. 2013; Zhou et al. 2012) . It is believed that typhoons would become more severe in the light of current of climate change forecasts (Emanuel 2005; Wang et al. 2007) .
China is one of the countries that have been experiencing frequent typhoon landfalls each year, especially in the south-east coastline regions . Unfortunately, these coastlines accommodate the most developed economy within China (Naughton 2007) . For this reason, the damage caused by typhoons has been accumulating due to the rapid urbanisation in these regions. This includes heavy losses of property, severely damaged infrastructure and frequent human casualties after each typhoon landfall (Liu et al. 2009; Niu et al. 2011; Wang et al. 2007; Xinhua News 2014a, b) .
From a policy maker's perspective, there is a need to understand the entity vulnerability to typhoons and the regional risk for effective natural hazard prevention (UNDP/BCPR 2004) . Unfortunately, most of research on typhoons in China is focussed on small regions, generally within one or two cities or a couple of provinces (Liu et al. 2012; Wang et al. 2013; Zhang et al. 2011 ). However, this research uses time-series data over a period of 32 years to access the impact of typhoons across all of China. In contrast, research has proven that a typhoon's ripple impact extends far beyond the coastline (Fumin et al. 2002) . Therefore, a holistic study of typhoon risk across China is urgently needed. Assessing and predicting the risk of typhoons are the major interest of researchers. Extensive research on typhoon risks can be found using approaches involving statistical data analysis, simulation modelling and the use of geographical information system (GIS; Chia and Ropelewski 2002; Matsuura et al. 2003; Peduzzi et al. 2009; Wu et al. 2006) . In terms of methods of research into natural hazard risks, it is highly encouraged and valued by the United Nations to map the vulnerability of the natural hazards affected entities as well as the hazard risk using GIS mapping techniques (ISDR 2004) . However, the work has not yet been conducted in China.
In order to address the disparity between the extensive typhoon impacts and localised typhoon research within China, this research presents a systematic assessment of typhoon risks across China using the GIS method. Priorities were placed on calculating the vulnerabilities of selected entities as well as the regional typhoon risk across all the regions that have been affected by typhoons.
Methods and materials

Research method
The conventional notion of risk is expressed in Eq. (1) which was defined by International Strategy for Disaster Reduction (ISDR 2004) .
Where Risk is the probability of harmful consequences or expected losses resulting from interactions between natural or human-induced hazards and vulnerable conditions; Hazards are potentially damaging events, phenomena or human activities; and Vulnerability is the degree of susceptibility of the elements exposed to hazards. This is to say that the risk of a natural hazard will depend on the characteristics, probability and intensity of the hazard, as well as the susceptibility of the exposed elements based on physical, social, economic and environmental conditions. In practice, the selection of parameters to assess the risk of a given natural hazard to entities is generally situation based (Feng and Luo 2009; Liu et al. 2013; Tillman et al. 2010; Zhang et al. 2014) . The selection of parameters normally needs to consider factors such as the nature of the hazard; the scale of the entity that is affected by the hazard; and the availability of the data set of different natural social and economic parameters. For instance, the factor of exposure may be taken into consideration separately, or it can also be reflected in the process of calculation of vulnerability (Davidson and Lambert 2001; ISDR 2004) .
In this research to assess the risk of typhoons, we follow the common practice of many researchers in calculating the risk index using the Eqs. 2-4 (Chen and Zhong 2010; Du and Lin 2012; Ni and Nan 2014; Tsai and Chen 2011) .
where R is the disaster risk index; T is the hazard index (times); n is length of studied period (years); C is the vulnerability of entities; N is the number of hazards happened in a given region during a period (times/year); W i is the weight of the vulnerability of the entity i to typhoons; and D i is unit-less scores of entity i using linear scaling function.
Parameters and data sources
Parameter system and weights determination
The process of selecting entities across China for assessment of typhoon risk and the determination of their respective weights was based on a series of organised workshops. Participants invited for workshops were from a wide range of academic backgrounds and different sectors in order to minimise possible bias towards the determination of parameters and weights. The academic backgrounds of workshop participants included physical geography, meteorology, agriculture, natural hazard prevention, social economics, environmental sciences, environmental management, civil engineering and hydrology. The social roles of these workshop participants included academics from universities and research institutions, as well as related governmental officers. Public consultations in the coastal regions of the south-eastern China also contributed to the determination of the weights for each of the selected parameters. Based on the significance and accessibility of entities exposed to typhoons, four categories of entities at first level were selected which were the population, gross domestic production (GDP), road network and land use. Both the road network and the land use were further developed into their second-level parameters taking into consideration different types of roads or land uses showing different levels of vulnerability. Road networks were further categorised into highways, national roads, provincial roads and county roads/township roads, which formed the second level of parameters. Land uses were also further developed into six second-level parameters that included residential land, farmland, forestry, grassland, water bodies and other land. All the entities and their parameters exposed to typhoons are summarised in Table 1 . The calculation of weights for each parameter was based on expert opinion that was then processed using the analytic hierarchy process (Dong et al. 2008; Saaty 2008) . Weights for each of the calculated parameters are also listed in Table 1 .
Data sources
Data on typhoon characteristics were sourced from the National Institute of Informatics in Japan, which cover all the typhoon landfalls across China between 1980 and 2012. The affected range of each typhoon was calculated on the basis of typhoon radius, using the Beaufort scale for wind over seven (wind speed over 14 m/s). The Buffer function, a spatial analysis function, within the ArcGIS platform was used to define the range of each typhoon on a map. By overlapping the ranges of all the typhoons that happened between 1980 and 2012, a map was obtained which shows typhoon frequency in any given region across China. Data relating to land use were sourced from the Data Centre for Resources and Environmental Sciences Chinese Academy of Sciences (RESDC), which is a 2010 land-use database, with a mapping scale of 1:1,000,000. The land-use data were classified into 25 categories which were subsequently grouped into six types: cropland, woodland, grassland, water body, built-up area and unused land. Detailed information about this land-use database can be found in previous reports (Liu et al. 2014 (Liu et al. , 2010 . The data of land use at county level across China were calculated. On the other hand, the data of road network, population and GDP were sourced from national statistics of year 2010 (State Statistic Bureau 2011), which were also calculated at the county level. The calculation of typhoon risk indexes involved the calculation of vulnerabilities of selected entities of population, GDP, road network and land use, respectively. By using the spatial analysis function within the ArcGIS platform, the overall vulnerability of entities was calculated by overlapping the vulnerabilities of these four types of entities following the Eq. (4). 3 Results and analysis
The typhoon hazards
By closely examining all the typhoon landfalls in China during years 1980-2012, three kinds of patterns of the typhoon tracks were identified. The first pattern is when a typhoon moves from the sea to the east of the Philippines in a westerly direction it pasts the South China Sea and makes landfall in either Hainan province or Guangdong province. There were approximately 19 % of typhoons that followed this track. The second track formed by typhoons move from the sea to the east of the Philippines towards the north-west and make landfall in either Taiwan or Fujian or Zhejiang province. Approximately 27 % of typhoons followed this track and mainly occurred between July and September each year. The third pattern is that typhoon tracks show a projectile shape which means after typhoons are formed from the ocean to the east of the Philippines, they firstly move towards north-west, then move northwards and finally towards north-east. On the average, there were eight typhoon landfalls in China annually. In terms of the area affected by typhoons between the years 1980 and 2012, the total area was 5.91 million km 2 , which means 61 % of the land area of China was affected by typhoons. The most severely affected areas, in which the typhoon hazard index was larger than 150, covered 0.08 million km 2 , which included Taiwan, Fujian, Guangdong and Hainan provinces (Table 2) . On the other hand, the areas which had a typhoon hazard index between 80 and 150 covered 0.85 million km 2 and included 10 provinces. Fig. 2 The distribution of population density in typhoon-affected regions Fig. 1 shows the distribution of typhoon hazard index (T) across China, based on the typhoon landfalls that occurred between years 1980 and 2012. The map shows that the highest typhoon hazard index can be found in Taiwan, in which typhoons landed almost 300 times. Among the provinces of mainland China, namely Jiangsu, Shanghai, Zhejiang, Fujian, Guangdong, Hainan and some parts of areas in Anhui, Guangxi, Hunan, Jiangxi provinces have seen their typhoon hazard indexes over 80. A counter-intuitive finding was that so many inland provinces were also severely affected by typhoons and their typhoon risk indexes range from 1 to 30. Those inland provinces affected by typhoons include Yunnan, Guizhou, Chongqing, Sichuan, Wuhan, Qinghai, Gansu, Ningxia, Shanxi, Henan, Shanaxi, Shandong, Beijing, Tianjin, Hebei, Inner Mongolia, Jilin, Liaoning and Heilongjiang provinces. Two clear patterns were also shown that the typhoon hazard index decreased from east coastal to west inland and from the south to the north of China.
Vulnerability of key factors
Vulnerability of population
It is well known that China has the largest population in the world. The population densities across typhoon-affected regions in China were mapped as shown in Fig. 2 . The distribution of the population is extremely uneven within China because most of the population reside in the east part of China. This study shows that 97 % of the population were affected by typhoons that happened between 1980 and 2012. The population density in the typhoon-affected area was mapped as shown in Fig. 3 . For the larger cities that are located in the eastern part of China, their population densities are larger than 700 persons/ km 2 . Their vulnerability to typhoons is much higher with an index over 0.1. These large cities include Beijing, Tianjin, Shanghai, Shijiazhuang and Guangzhou, which, in total, accommodate over 235 million people. This represents 18.8 % of the total population of China. There are also several regions that have a higher population density, ranging between 500 and 700 persons/km 2 . This can be found in Jing-Jin-Tang region, Huabei Plain, Yangtze Delta, Zhujiang Delta, Sichuan Basin and coastal regions of Zhejiang and Fujian. The vulnerability indexes in these regions range from 0.06 to 0.1. Total population for these regions is 341 million, which accounts for 27.3 % of the total population of China. There are also many regions whose population density ranges from 401 to 500 persons/km 2 and their vulnerability indexes range between 0.04 and 0.06. A map of population vulnerability is shown in Fig. 3. 
Vulnerability of GDP
Nearly ninety-nine per cent (98.9 %) of GDP was from typhoon-affected regions between 1980 and 2012. The distribution of GDP densities in typhoon-affected regions is shown in Fig. 4 , and the distribution of vulnerability indexes of GDP is shown in Fig. 5 . Those super large cities with the highest GDP densities, such as Beijing, Tianjin, Jinan, Xi'an, 
Vulnerability of road network
The road network has not been evenly developed across China. In general, the roads in eastern China are much better than those of central and western China, which means the density of the highways and the national roads is higher in eastern China compared to those in central and western China (Cheng et al. 2007 ). Both the landscape and the regional economy development have contributed to these differences. The densities of different types of roads are shown in Fig. 6 .
The vulnerability indexes of road systems are shown in Fig. 7 . This result reveals that those transportation pivots in China include Shenyang, Beijing, Tianjin, Jinan, Shanghai, Hangzhou, Guangzhou and Chongqing, and their vulnerability levels were very high with 
Vulnerability of land use
A map of land-use types for the regions affected by typhoons is presented in Fig. 8 . As shown in the map, the built-up areas in the super large cities such as Beijing, Tianjin, Tangshan, Shijiazhuang, Shanghai, Nanjing, Guangzhou and Shenzhen are above 30 %. Regions whose built-up areas range between 10 and 30 % are Jing-Jin-Tang, Yangtze River Delta and the Zhujiang River Delta. These regions have been undergoing a fast urbanisation process during the last decade. Most of the croplands in China are located in the Northeast Plain, the Huang-Huai-Hai Plain, the Yangtze River Delta and the Sichuan Basin. These include the areas of south-west of Heilongjiang province, the areas between Jilin and Liaoning provinces, the southern part of Hebei province, the eastern part of Henan province and the western part of Anhui province, with croplands accounting for 80 % of their respective land areas. The vulnerability indexes of land use in the typhoon-affected regions were mapped and are shown in Fig. 9 . It shows that the regions with a higher proportion of both built-up areas and cropland areas have the highest vulnerability indexes with a range between 0.025 and 0.03. These regions include Jing-Jin-Tang, Huang-Huai- Fig. 6 The distribution of roads in the typhoon-affected regions in China
Hai Plain and Yangtze River Delta. In comparison, the vulnerability indexes of the Northeast Plain, Sichuan basin and Zhujiang River Delta were also high with a range between 0.02 and 0.025. Their high vulnerability indexes were attributed to a high proportion of cropland in these regions.
Vulnerability of the entities exposed to typhoons
The assessment of the vulnerability of the entities exposed to typhoons was achieved by integrating the vulnerabilities of the population, GDP, road network and land use (See Eq. 4). The overall vulnerability index of China to typhoons was mapped as shown in Fig. 10 . As it is shown in the map, the super large and large cities in east China all indicate high vulnerability with indexes over 0.12. These cities are Beijing, Tianjin, Shijiazhuang, Taiyuan, Qingdao, Zhengzhou, Suzhou, Changsha, Xi'an, Shanghai, Nanjing, Hefei, Hangzhou, Zhumadian, Xinxiang, Xingtai, Nanchang, Chongqing, Guangzhou and Nanjing. Their high vulnerabilities were attributed to a high population density, GDP and builtup areas. Among the large cities, namely Harbin, Changchun, Shenyang, Beijing, Tianjin, Jinan, Shanghai, Hangzhou, Suzhou, Chongqing, Guangzhou, vulnerability indexes were over 0.2. This was due to the highest density of population and GDP. The following regions excluding cities have relative higher vulnerability indexes of between 0.08 and 0.12, and they include Huang-Huai-Hai Plain, Yangtze River Delta, Zhujiang River Delta and the Sichuan Basin. The typhoon risk indexes were calculated based on Eq. (2) and then were mapped as shown in Fig. 11 . The map clearly shows that the typhoon risk in China takes on a decreasing trend from the south-east coastal region to the north-west inland. In addition, the whole of China can be divided into four zones based on regional typhoon risk indexes, which are low-risk area, medium-risk area, high-risk area and very high-risk area. The coastal regions of south-east China have the highest risk indexes, which were above 0.2. Within these areas, some of the largest cities in China such as Shanghai, Hangzhou, Nanjing, Fuzhou, Guangzhou and Haikou have typhoon risk indexes above 0.3. As a result, these provinces, which include Jiangsu, Zhejiang, Fujian, Guangdong and Hainan, are regarded as very high-risk regions affected by typhoons. The high typhoon risk regions include Shandong peninsular, north-west of Jiangsu province, Anhui province, eastern and central Henan province, south-east of Hubei province, Jiangxi province, south-west of Zhejiang province, central and western part of Fujian province, western part of Guangdong province and south part of Guangxi province. The typhoon risk indexes of the high-risk regions were in a range of 0.1-0.2.
The medium-level typhoon risk regions cover central and western Hunan province, north-western Guangxi province, south-eastern Henan, Hubei, Guizhou and Yunnan provinces. For these regions, the typhoon risk indexes were in the range of 0.05-0.1. There were also regions only affected by typhoons slightly with typhoon risk indexes \0.05. These regions are regarded as low-risk regions, which are shown in the map as a green belt. Typhoons are considered to be extremely devastating natural hazards in China. Most of the prior research has either paid attention to the regions of eastern coastal areas of China or just focussed on a regional area such as one or two of the cities. However, typhoon risk extends far beyond the coastal regions of China, and an overall assessment of typhoon risks at a national level is urgently needed in order to mitigate the risk of typhoon damage. For this reason, this research was conducted to assess the typhoon risk across China. This has been achieved by considering population vulnerabilities, GDP, road network and land use in the typhoon-affected regions based on typhoon data within the timeframe of 1980-2012. The key conclusions generated by this research are that:
1. High typhoon risk areas are concentrated in the south-east coastal regions of China, especially for Taiwan, Hainan, Shanghai, Zhejiang, Fujian, Guangdong and Jiangxi. These areas all experienced over 80 typhoon landfalls during 1980-2012. However, based on our calculations, the typhoon-affected regions were much larger than people generally expected. The area affected by typhoons between 1980 and 2012 was 5.91 million km 2 , which accounts for 61 % of the total land area of China. This will help to attract the attention of decision-makers for a systemic typhoon risk mitigation plan and associated implementation. For instance, the systemic understanding of typhoon risk across China will enable Central Government to allocate available funding efficiently to where it needs best. It will also enable local Government to make informed decision on the industry planning in order to minimise the scale of industry that is sensitive to typhoon hazards. The assessing typhoon risk at national level will not only improve people's awareness of typhoon hazards, but also facilitate regional collaboration for typhoon hazard prevention. 2. The vulnerability indexes of key factors and the whole entities across typhoonaffected regions were calculated as part of this research. Furthermore, we have also integrated all the information into a map using GIS analysis and mapping techniques. The mapping of vulnerability and risk is a highly encouraged practice by the United Nations. The contribution of this research also rests on that vulnerability indexes of cities and regions in China were calculated in this research. Furthermore, reasons underlying their vulnerabilities to typhoons were also reported in this paper. Cities like Harbin, Changchun, Shenyang, Beijing, Tianjin, Jinan, Shanghai, Hangzhou, Suzhou, Chongqing and Guangzhou have vulnerability indexes above 0.2, while Huang-Huai-Hai Plain, Yangtze River Delta, Zhujiang River Delta and Sichuan Basin (excluding larger cities) all have relative higher vulnerability indexes of between 0.08 and 0.12. 3. Regions affected by typhoons were zoned to enable policy decisions to be formulated based on the scales of typhoon risk indexes. Detailed zoned regions are as follows: The authors fully understand the limitations of this research. Due to data limitation on a national scale, the factors considered in this research are mostly at macrolevel. In addition, the exposure factor has to be incorporated into the weights to assess the vulnerability of both the factors and the whole entities. In terms of our future research, we have intentions of including the coping capacity of regions and several meteorological factors in calculation of the typhoon-risk index and paying attention to the dynamics of regional vulnerability induced by social and economic development.
